The Grotthuss mechanism -a bond-exchange process -first introduced two centuries ago [1] , has proved vital in explaining the high mobility of protons in water. [2] Similarly, this mechanism has been suggested to account for the high conductivity in molten polyiodides [3,4] with no defiant proof. Here we provide solid evidence that a Grotthuss bond-exchange mechanism is of fundamental importance for conduction in 1-methyl-3-propylimidazolium iodide (PMII) melts.
Introduction
The Grotthuss mechanism -a bond-exchange process -first introduced two centuries ago [1] , has proved vital in explaining the high mobility of protons in water. [2] Similarly, this mechanism has been suggested to account for the high conductivity in molten polyiodides [3, 4] with no defiant proof. Here we provide solid evidence that a Grotthuss bond-exchange mechanism is of fundamental importance for conduction in 1-methyl-3-propylimidazolium iodide (PMII) melts.
Ionic liquids are receiving increasing attention, owing to their unique properties such as high ionic conductivity, non-volatility and non-flammability, making them versatile alternatives to conventional solvent-based systems. Their potential applications range from electrolytes in solar cells [5] , fuel cells [6] , supercapacitors and batteries [7] , lubricants and heat-transfer fluids [8] to solvents for clean chemical synthesis and catalysis. [9] Iodine addition to iodide-based ionic liquids leads to extraordinarily efficient charge transport, vastly exceeding that expected for such viscous systems. [10] [11] [12] [13] [14] [15] Here we study PMII melts, whose structure is shown in Figure 1a . PMII is the benchmark of the iodide salts that form room temperature ionic liquids, characterized by a relatively low viscosity, and has therefore been the candidate of choice for binary ionic liquids in the solventfree dye-sensitized Grätzel solar cell. [5] The composition and the physical properties of the melts formed by the addition of , etc. [14] The bond exchange reaction I 
Results and Discussion
We characterized the dynamical behaviour of PMII/I 2 mixtures using terahertz timedomain spectroscopy (THz-TDS). [16] The THz electric field was coherently measured after transmission through a 100-m quartz cuvette containing the sample, the empty cuvette serving as reference. The time-domain waveforms were temporally windowed to eliminate the effects of multiple reflections within the cuvette walls, but not in the as the imidazolium cation is assumed to be the main contributor to the signal [17] ). The resonance at 2.29 THz indicates the formation of higher polyiodides above 4.2 M, which is supported by the coincidence of the maximum resonance frequency with that of the linear inner stretch of I 5 -at ~2.25
THz. [18] Absorption due to higher polyiodides occurs at yet higher frequencies. [18, 19] The dc conductivity σ of the 
Here Next, we perform a least squares fit of equation (1) to the dc conductivity data Knowing K 1 , one can calculate the concentrations of the different species in the solution ( Figure 3a) . With an estimated value of δ = 9.3 Å, the factor f is 0.83, from which we conclude that the exchange reaction is close to diffusion controlled, which implies that the time scale for the bond exchange reaction is in the ns range (
. The calculated dc conductivity is shown in Figure 3b . The excellent agreement between the calculated and the measured dc conductivity lends support to the validity of the proposed model, which excludes an electronic contribution. In particular, the Grotthuss exchange mechanism emerges as a key factor in enhancing the conductivity of the melts. According to the present model, the Grotthuss effect increases the conductivity of PMII at 3 M iodine concentration by as much as 50%. Above ~3.6 M exchange reactions between higher polyiodides may become important, which further enhance the Grotthuss contribution to ionic transport. [20] A hysteresis loop in the temperature dependence supports the exclusion of electronic transport (See Supporting Information, Figure S2 ,). 
Experimental Section
Preparation of PMII samples. The ionic liquid, 1-propyl-3-methylimidazolium iodide (PMII), was prepared according to the procedure reported in Ref. [21] . The PMII/I 2 mixtures were prepared by adding the calculated amount of iodine to the PMII, and the solution was then stirred with a magnetic stirring palette for two days to ensure that the iodine is completely dissolved. Viscosity measurements. The viscosity measurements were carried out using a Rheometrics ARES Rheometer. All measurements were performed using parallel plates with a diameter of 25 mm, a gap of 0.2 mm, and a frequency of 1 Hz.
Differential scanning calorimetry measurements. The differential scanning calorimetry (DSC) measurements were carried out using a TA Q100 apparatus.
Terahertz time-domain spectroscopy measurements. The terahertz time-domain spectroscopy (THz-TDS) measurements were carried out with an electro-optical terahertz setup which is described in Ref. [22] and in a movie on the website: 
to the experimental signal intensities I. In equation (2), I 0 is the signal intensity at zero gradient strength and  is the magnetogyric ratio (2.675·10 , Guido Rothenberger [a] , Daniel Topgaard [c] , Jan C. Brauer [a] , Dai-Bin Kuang [a,d] , Shaik M. Zakeeruddin [a] , Björn
Lindman [c] , Michael Grätzel [a] , Jacques-E. Moser (ii) The viscosity decreases nearly exponentially with iodine concentration ( Figure   S1 ). This is attributed to the larger radius of the triiodide ions compared to iodide thus reducing the electrostatic attraction to the PMI + cations and hence the ion pairing.
This effect results in an increased conductivity. (v) The presence of both iodide and triiodide facilitates a Grotthuss-like bond exchange mechanism via the reaction 3 3 ,
which has previously been used to qualitatively explain the anomalous transport behaviour in I -/I 3 -containing systems [1] [2] [3] [4] [5] . The triiodide (iodide) approaches iodide (triiodide) from one end forming an encounter complex, from which triiodide (iodide) is released at the other end, without the ion having to cross that distance. The bond exchange reaction can be envisioned as a random walk, where the hopping of an "I 2 "
molecule from a triiodide to an iodide site occurs. This random walk can be described by an exchange diffusion constant D ex,i . As illustrated in Figure 1b leading to the Dahms-Ruff equation [6] [7] [8] [9] for the effective diffusion constant,
. Taking all ions into account, the conductivity is expressed as 
Here, e o is the elementary electron charge, N AV is Avogadro's number, and [10] , and thus δ = 9.3 Å. The hydrodynamic radii of the ions are 3.49 Å PMI r   [11] , 2.2 Å I r   [12] , and 
where R is the molar gas constant. The factor f may include effects due to coulombic repulsion between ions of the same sign or the presence of a barrier of activation for the exchange reaction.
S2.2 Fitting procedure
In order to find the concentrations of the species PMII, PMI 
The conditions of electro-neutrality and balances for the imidazolium cation and iodine atoms lead to the system of equations:
The subscript "a" denotes the analytical concentrations of PMII and iodine. A numerical solution of this system of coupled equations can be obtained by restating it as a pseudo-kinetic problem, using the two coupled ordinary differential equations
Equation (S14), together with the balance equations (S9-S11) are integrated with a Runge-Kutta-Fehlberg algorithm using the initial conditions      k , but care must be taken to carry out the integration for a time span that is sufficiently long for establishing the equilibria. to keep the iodine concentration at a very low level, as neither UV/Vis nor Raman spectroscopy [14] have detected the presence of free iodine in the solutions. This implies that the rate constant k ex for the bond exchange reaction is close to the diffusion controlled limit. Alternatively, assuming f = 1 implies that δ is reduced to 8.5 Å. This smaller value of δ may be explained by the fact that not all collisions are head-on, but occur at an angle φ larger than zero ( Figure S4 ). 
Section S3. Analysis of terahertz data
The decrease of the resonance amplitude at 2.03 THz resonance (Figure 3a as the imidazolium cation is assumed to be the main contributor to the signal [15] ). The
are related by a formula such as Bruggeman's effective-medium approximation [16, 17] , Here,   is the fraction of the dielectric amplitude loss due to Debye relaxation,   the dielectric constant at infinite frequency,  the angular frequency,  = 2π, and  the Debye relaxation time. In the last term, c is related to the oscillator strength,  o is the resonance angular frequency,  the damping constant, and n the number of oscillator terms, and the DIS form is fitted with 1 Debye term and 3 oscillator terms.
The optimized fitting parameters are indicated in the figure.
